Considerable attention has been given also to the synthesis of glucoamylase by A. niger. The incorporation of glucose and mannose into 'Present address:
. Two molecular forms of glucoamylase are produced by A. niger (19) and both liberate glucose from starch by hydrolyzing a-D- (1) (2) (3) (4) and a-D-(1-6) glucosidic linkages (10, 20) . Additional similarities between the two glucoamylase forms include identical pH optima (pH 4.5 to 5.0) with starch as the substrate, temperature stability, action pattem on maltooligosaccharides, and N-terminal amino acid (L-alanine) (10) . G-lucoamylase I was not dissociated with urea or acid under the conditions investigated (10) . Both forms are glycoproteins containing D-glucose, D-mannose, and D-galactose with one form, glucoamylase I, containing 18% carbohydrate and the other 10% carbohydrate (23) . Although both forms of enzyme have the same Km and Vm.x values with maltose or small oligosaccharides, glucoamylase I hydrolyzes starch about three times faster than glucoamylase II (28) .
Considerable attention has been given also to the synthesis of glucoamylase by A. niger. The incorporation of glucose and mannose into ' the carbohydrate moiety of the enzyme is well documented (24, 26) , and many studies pertaining to the effect of carbon and nitrogen sources on the amount of glucoamylase produced have been reported (1, 9, 16) . There is, however, little information available conceming the regulation of glucoamylase aside from the apparent stimulation of enzyme production when high levels (10%) of glucose, maltose, starch, or glycogen were added to growing cultures of A. niger (17) . Evaluation of these results in terms of regulation of glucoamylase synthesis is difficult because high concentrations of carbohydrates were used and because it is unlikely that starch or glycogen is able to enter the cell.
To clarify the question of regulation of glucoamylase in A. niger and examine the production of the two enzyme forms, the following investigation was initiated. We present evidence for the induction of glucoamylase by maltose or isomaltose. Preparation of spore inoculum. Conidia were dislodged from freshly sporulated cultures and, after suspension in sterile water, were washed once in sterile distilled water. The spore suspension was filtered through glass wool to remove mycelial fragments, and the inoculum was standardized by enumerating conidia in a Petroff-Hauser chamber. The inoculum, 0.5 ml, contained 5 x 101 spores that had a viability of 90%.
Conditions of growth. After inoculating 50 ml of media in 250-ml Erlenmeyer flasks, the flasks were incubated at 28 C on a New Brunswick gyratory shaker adjusted to 170 rev/min. Growth was followed by measuring dry weight of submerged mycelia as previously described (1) .
Glucoamylase formation. Comparison was made to a glucose standard. The amount of glucose liberated from a starch substrate was determined with glucose oxidase, a procedure previously described (1) . A unit of glucoamylase activity is the quantity of enzyme which liberates 1 smole of glucose per min from starch under the reaction conditions defined. Specific activity is expressed as units per milligram of dry mycelia.
Separation and identification of the two forms of the glucoamylase were accomplished by column chromatography on diethylaminoethyl (DEAE)-cellulose, as previously described (19) . Culture fluid, 200 ml, was either added directly to the column, or enzymes were concentrated by precipitation with two volumes of ethanol and charged to a column after redissolution. 
RESUTLTS
Glucoamylase production accompanying growth. The amount of glucoamylase (units/milliliter) accompanying growth on sorbitol-ammonium salts is several times greater than with sorbitol-yeast extract (Table 1) . In both cases, sorbitol was completely utilized by day 3. Two different maximal levels of glucoamylase (4 and 6 days) occurred with yeast extract, in contrast to one maximal level (5 days) resulting with ammonium chloride. Although both glucoamylase forms show no loss of activity at pH 2.5 for 24 hr (28) and only slight (10) , some loss of enzyme activity was observed with the ammonium salts and yeast extract media. This may result from slow denaturation of enzyme due to shaking. Loss of glucoamylase activity as a result of proteolysis cannot be discounted entirely, although it has been found that both enzyme forms show marked stability to proteolytic degradation (Lineback, unpublished data). Production of two different maximal levels of glucoamylase has also been reported when growth resulted from various organic nitrogen sources (1) . The production of a single level of glucoamylase has also been previously observed, but this response was associated with cultures growing on cereal grains (3, 13, 24) or on high concentrations of nutrient broth (1) where the enzyme level was many times that observed with sorbitol-ammonium salts. More than one maximal level of enzyme production in A. niger is not unique to glucoamylase, but has been observed also in protease synthesis (14) .
Substitution of glucose, maltose, or starch for sorbitol in the growth media results in stimulation of glucoamylase synthesis as evidenced by specific activities ( Table 2 ). The pattern of glucoamylase formation does not change with carbon sources since one period of enzyme production occurs with ammonium salts and two with yeast extract. The growth (mycelial dry weight) changes slightly with the various carbon sources but reflects the pattern reported in Table 1 with maximum growth occurring by day 3 or 4, followed by a gradual decrease in mass. Glucoamylase activity decreases after day 5 or 6 with ammonium salts or yeast extract media, respectively. The decrease in mycelial mass is greater than the loss of enzyme activity, thereby accounting for the increase in specific activity often observed at Incorporation of starch into the medium with either ammonium salts or yeast extract resulted in specific activities of glucoamylase which were higher than when maltose, glucose, or sorbitol was the carbon source. However, glucoamylase production was not always found to be greatest with polysaccharides as the carbon source. In a yeast extract media, the level of enzyme accompanying utilization of maltose was greater than with dextrin, and with Trypticase (0.12%) higher levels were obtained with maltose than with starch.
Carbohydrases other than glucoamylase were observed in many cultures. Glucosyltransferase (transglucosylase, reference 21) and a-amylase were present in all yeast extract media independent of the carbon source. However, glucosyltransferase and a-amylase were detected in ammonium salts media only when sta,rch was the carbon source. These observations are consistent with earlier reports which stated that a-amylase and glucosyltransferase were produced in mannose-yeast extract medium but not when ammonium salts were the nitrogen source (9) .
Enzyme forms. In two independent experiments, both forms of glucoamylase were found in the culture fluid following growth in the glucose-yeast extract medium. Resolution of the two enzyme forms was readily accomplished by elution of enzymes from DEAEcellulose with buffers of decreasing pH values (19) . We found that glucoamylase II was eluted at pH 6.8 to 6.0 in tubes 105 to 115, and glucoamylase I was removed at pH 4.5 to 4.0 in tubes 148 to 158. Glucoamylase I and II were found at an approximate ratio of 3:2, respectively, at both day 2 and day 6 of incubation. The observation that glucoamylase I is the most abundant form of the two enzymes produced by A. niger agrees with other reports (19, 24, 26) .
Only one form of enzyme, glucoamylase I, could be recovered from culture fluid when the glucose-ammonium salts growth medium was used. Repeated attempts to detect glucoamylase II in the culture fluid on day 4 and 5 of incubation were unsuccessful regardless of whether the ethanol precipitate of the culture fluid or the untreated culture fluid was examined. Similarly, only glucoamylase I was detected when maltose was substituted for glucose in the ammonium salts medium. The effect of the nitrogen source on enzyme production was observed not only with glucoamylase II formation, but as indicated previously, also with glucosyltransferase and aamylase production. The role of the non-nitrogenous compounds in the yeast extract on the formation of a-amylase, glucosyltransferase, and glucoamylase forms is not understood at this time.
Addition of carbohydrates to pregrown mycelia. The effect of various branched, cyclic, or linear polysaccharides on glucoamylase formation was examined, but none were found to induce glucoamylase (Table 3) . Of the mono-and disaccharides tested, only maltose or isomaltose stimulated enzyme formation. Induction by technical maltose could be due to the presence of low-molecular-weight maltodextrins (31) . These results contradict the report of Okazaki and Terui (17) , who found that glucose, glycogen, or starch stimulated glucoamylase synthesis. Although these differences may be explained by genetic variations within the cultures, it is most likely that a-amylase was being produced by the culture at the time of carbohydrate addition and that the products resulting from a-amylase action on these carbon sources were responsible for the stimulation of enzyme formation. Accordingly, the increase of glucoamylase production after the transfer of growing cultures into glucose (17) or resulting from incorporation of glucose into the growth medium (Table 2 ) results from the enzymatic conversion of glucose into a suitable inducer.
Induction by maltose. After addition of maltose to a 48-hr culture, a lag of about 12 hr occurred before an increase of glucoamylase activity was observed (Table 4 ). This lag remained virtually unchanged regardless of the amount of maltose added. Long lag periods accompanying production of fungal enzymes have been observed with amylase (recognized by the authors to be primarily glucoamylase) induction in Neurospora (5) Glucoamylase formation by A. niger pregrown on sorbitol-yeast extract could be induced also by maltose (1.4 x 10-I M). This stimulation, unlike that obtained with the culture pregrown on sorbitol-ammonium salts, resulted in only a two-to threefold increase in glucoamylase synthesis.
Effect of pH on induction. Adjustment of the pH of the culture fluid to several different values at the time of induction produced a greater effect on enzymatic activity than on fungal growth (Table 5 ). Greatest induction occurred at pH 2.0, with lower enzyme activities resulting with increases in pH. In comparison, Okazaki and Terui (17) reported that optimal production of glucoamylase occurred at pH 3.0. It is not known whether the transport system for maltose is more efficient at low pH values or if pH adjustments are injurious to the cells.
Previous growth studies indicated that initiating growth at pH values from 6.0 to 2.0 (1) had little effect on the amount of glucoamylase produced. Perhaps this is because the pH drops rapidly in the culture medium and is near 2.0 by the second day.
Effect of sulfate on induction. Since the production of several extracellular enzymes by bacteria and fungi has been found to be stimulated by cultivation of the organism in sulfate concentrations which were suboptimal for growth (12, 15, 27, 29, 30) , the induction of glucoamylase was examined when A. niger was grown on varying concentrations of sulfate ( Table 6 ). The amount of glucoamylase in- 205  125  3  21  210  50  4  15  200  35  5  13  195  33  6  10  195  26 a At 48 hr, the culture was adjusted to the pH indicated with 0.5 N NaOH, and maltose (1.4 x 10-8 M) was added. All measurements were made at 72 hr.
" Units of glucoamylase activity per gram of dry mycelia.
duced was less as the concentration of sulfate was decreased. The amount of enzyme formed was generally related to cell mass, as evidenced by comparison of the resulting specific activities.
Effect of carbon sources on induction. Since the production of glucoamylase is less when the carbon source is increased in the growth media (1), it was suspected that glucoamylase formation could be decreased by certain carbon sources. Sorbitol, fructose, and xylose, which produce little glucoamylase when used as carbon sources (1) , reduced the amount of enzyme produced when added simultaneously with maltose (Table 7) . Similarly, the level of glucoamylase produced in the presence of glycerol, a-ketoglutarate, and pyruvate was lower than when only maltose is added.
This effect of carbon sources on induction by maltose could be explained by inhibition of BARTON, GEORGI, AND LINEBACK / maltose uptake as well as by catabolite repression. Since inhibition of glucoamylase production could be shown when acetate or oxalacetate was incorporated into the media 16 hr after the addition of maltose, it would appear that factors other than inhibition of maltose uptake must be responsible. DISCUSSION Glucoamylase synthesis in A. niger is induced by maltose or isomaltose but not by polymeric glucans, which apparently are too large to enter the cells. The high level of enzyme accompanying growth on starch may be due to the continual release of inducer molecules due to the action of a-amylase produced by A. niger. This would be in accord with a previous report in which the supply of inducer over an extended period has been found to be important in the production of various carbohydrases by fungi (25) .
Glucoamylase hydrolyzes a variety of a-Dglucosides (22) , but only certain substrates stimulate enzyme formation. Levels of glucoamylase resulting from maltose or isomaltose induction are about the same even though the a-D-(1-4) linkage is hydrolyzed 30 to 40 times as fast as the a-D-(1-6) bond (10, 20) . No induction was observed with trehalose or sucrose, even though both can be slowly hydrolyzed by glucoamylase (22) .
Induction of glucoamylase may also result from malto-oligosaccharides. Maltotriose, maltotetraose, and maltopentaose, all isolated from technical-grade maltose (32) , have been found to be superior to maltose as inducers of a-amylase in Bacillus stearothermophilus (32) .
Similarly, a component in dextran stimulates production of amylases in Neurospora (6) . The greater stimulation by technical maltose as compared to purified maltose (Table 3) suggests that contaminating maltodextrins also induce glucoamylase formation. Maltodextrins could arise in starch-containing media by the activities of a-amylase or glucosyltransferase (19) .
In addition to appropriate carbon and nitrogen sources, it is evident that with defined media certain salts are necessary for production of high levels of glucoamylase. Both sulfate (Table 6 ) and trace elements (9) are necessary, not for stimulation of enzyme formation, but rather for optimal growth. On the other hand, the pH at the time of maltose addition is more important for induction of glucoamylase than for growth. When the pH is adjusted to a level higher than that established by the growing culture, the amount of glucoamylase resulting decreases appreciably. Whether this response, after adjustment of pH, is due to impairment of transport systems or metabolic alterations in the cell cannot be determined at this time.
Various carbon sources reduce the level of glucoamylase induced in A. niger, and similar results have been found in other carbohydraseproducing systems. Repression of a-amylase in B. stearothermophilus occurs with fructose (31); a-amylase synthesis by Aspergillus is reduced by glucose (5); invertase, maltase, and trehalase are repressed in Neurospora by mannose, glucose, fructose, or xylose (11); and amylase synthesis by Neurospora is reduced by glycerol (6) .
Because deamination products of alanine and glutamic acid, i.e., pyruvate and a-ketoglutarate, have been shown to have a detrimental effect on glucoamylase production (Table 7) , media containing organic nitrogen would be expected to produce low levels of glucoamylase. Perhaps this explains the low level of enzyme produced with yeast extract (Table 2 ; references 1 and 3), with amino acids in chemically defined media (1), or with complex nitrogen sources rich in amino acids (3) . Glucoamylase formation by A. niger in media containing a mixture of carbon sources would appear to be subject to catabolite repression or inhibition of maltose uptake. The resolution and importance of these phenomena await further studies.
Media have been shown to influence the formation of glucoamylase isoenzymes, as well as the amount of enzyme produced, and it will be important to reexamine isoenzyme formation accompanying growth on different nitrogen sources. This will not be easily accomplished because at the present time it is impossible to assay glucoamylase I and II individually except after complete separation. The varying ratio of glucoamylase forms observed with growth in different media and the information that enzyme forms do not arise from artifacts in isolation (10, 19, 28) suggest that glucoamylase isoenzymes are products of different genes. This would agree with previous reports that the two enzymes produced by A. niger (26) and the two forms of glucoamylase produced by Candida pelliculosa (8) 
